Stationary symmetrical fish keratocyte cells break symmetry and become motile spontaneously but slowly. We found that applying electric field (EF) accelerates the polarization by an order of magnitude. While spontaneously polarized cells move persistently for hours, the EF-induced polarity is lost in a majority of cells when the EF is switched off. However, if the EF is applied for a long time and then switched off, the majority of cell move stably. Myosin inhibition abolishes spontaneous polarization, but does not slow down EF-induced polarization, and after the EF is turned off, motility does not stop; however, the cell movements are erratic. Our results suggest that the EF rapidly polarizes the cells, but that resulting polarization becomes stable slowly, and that the EF bypasses the requirement for myosin action in motility initiation.
One of the model systems used to unravel the complex crosstalk between polarization, motility, and directional sensing is fish epithelial keratocytes. Stationary symmetric keratocyte cells undergo spontaneous polarization (SP) and become motile within tens of minutes; the motility initiates from the prospective rear (Barnhart, Lee, Allen, Theriot, & Mogilner, 2015; Yam et al., 2007) . During SP, adhesion strength drops across the whole cell, but more so at the prospective rear, as a result of an adhesion stick-slip switch (Barnhart et al., 2015) ; this leads to accelerated centripetal flow at the rear that retracts the rear and allows the front to protrude. As the cell starts to move, myosin is swept to the rear; its contraction retracts the cell rear, contains the cell sides, and together with actin polymerization at the front keeps the cell moving. An additional mechanical module-a treadmill of polarized actin network inside the plasma membrane-can maintain the steady motility (Barnhart, Lee, Keren, Mogilner, & Theriot, 2011; Ofer, Mogilner, & Keren, 2011) but is unable to polarize the stationary cell (Barnhart et al., 2015; Yam et al., 2007) .
One of the ubiquitous directional signals is an endogenous electric field (EF) in the order of 1 V/cm that occurs naturally during development (Altizer et al., 2001) , cancer Wu, Ma, & Lin, 2013) and wound healing, (Zhao et al., 2006) and polarize cells and guide their migration. Many types of cells, from bacteria and yeast (Minc & Chang, 2010) to mammalian cells, from Dictyostelium to keratinocytes, from nerve cells to fibroblasts, polarize and migrate directionally in an EF (Patel & Poo, 1982; Huang, Samorajski, Kreimer, & Searson, 2013; Yang, Charles, Hummler, Baines, & Isseroff, 2013; Zhao, Jin, McCaig, Forrester, & Devreotes, 2002) . Keratocytes sense the EF and move to the cathode (Allen, Mogilner, & Theriot, 2013; Cooper & Schliwa, 1986) .
Electric effects are as important in polarization as in directional sensing (Chang & Minc, 2014) . One particular striking example is membrane depolarization and polarity switch upon contact between two types of pigment cells in zebrafish skin, melanophore, and xanthophore, causing melanophore to migrate away from the xanthophore, which is the basis of skin stripe emergence (Inaba, Yamanaka, & Kondo, 2012) . Studies of yeast and plant cells have started to uncover molecular mechanisms of polarization that involve ion channels, transmembrane electric potential, and intracellular pH (reviewed in [Chang & Minc, 2014] ). There was little investigation of the polarizing effect of EF in motility initiation of animal cells (Chang & Minc, 2014; Wu et al., 2013) . A recent insightful study (Saltukoglu et al., 2015) addressed these effects in motility initiation of human keratinocytes and found that low extracellular pH reverses the direction of polarization. Other than the directional effect of the EF, there was no significant difference in the process of cell polarization with and without EF, perhaps because keratinocytes are slow. This implies that the internal polarization mechanism that is completely downstream of EF sensing is the time-limiting factor in the dynamics of symmetry breaking for these cells. It was also discovered that zebrafish keratocytes lose polarity in the absence of extracellular Ca 2+ , but regain polarity in an EF (Graham, Huang, Robinson, & Messerli, 2013 Hypsophrys nicaraguensis were removed from the flanks and allowed to adhere to the bottom of a culture dish (Barnhart et al., 2011; Sun et al., 2016 
| EF application and time-lapse recording
The EF was applied as previously described (Song et al., 2007; Zhao, Agius-Fernandez, Forrester, & McCaig, 1996) | 2379 medium at either side of the chamber. EF strength is empirically chosen based on our previous studies (Sun et al., 2013 Typically, in each experiment four fields at magnification of 20× were captured sequentially. Images were taken at 10 or 30 sec interval except the high resolution ones for the demonstration purpose, which were taken at 1 sec interval under a 40x objective. Time-lapse images were imported into ImageJ (http://rsbweb.nih.gov/ij). Tracks were marked by using the MtrackJ tool and plotted by using the Chemotaxis tool as described (Sun et al., 2013) .
| Defining morphological characterization and polarization
Phase contrast images of keratocytes were converted into binary images using custom-written Matlab codes. Briefly, we used Matlab edge detection and a basic morphology function to outline cells in the phase contrast image. We used the Otsu method (Otsu, 1979) to erase the halo artifacts. If shape was still unsatisfactory, we then used the Lasso tool in Photoshop (Adobe) to manually draw the cell shape.
Polygonal outlines extracted from the binary images were plotted in
Celltool, an open source software (Pincus & Theriot, 2007) . Geometric features of each cell, including centroid, area and aspect ratio, were measured directly from the polygons using standard formulas (Barnhart et al., 2011) . The aspect ratio was calculated as the ratio of the width to the length of a cell and was used to determine if a cell was polarized or un-polarized. To define polarization, we conducted a pilot experiment and traced a large number of cells undergoing SP. The significant polarization was detected around 15 min. We then calculated the standard deviation of the aspect ratio at this time point (214 cells were analyzed). A value out of range of mean ± SD (0.8547-1.1687) is treated as polarized (Supplemental Figure S1 ).
| Aligning contours and mapping edge velocity
Serial polygonal outlines of a cell were extracted from time-lapse images and sampled at 200 evenly spaced points. These contours were then mutually and sequentially aligned to simulate cell motion over time (Pincus & Theriot, 2007) . For the first frame of a time-lapse sequence, the contour was adjusted manually to make sure that the first point "0"
locates right in the middle facing cathode (Supplemental Figure S2c) . The cell boundary positions were translated to polar coordinates. The edge velocity at each point was calculated by dividing the displacement vector normal to the cell edge by the time interval (Barnhart et al., 2011) . A custom scalar map function written in Matlab was used to generate continuous space-time plots of protrusion and retraction. For visualization efficiency, all maps are plotted in three colors.
| Shape principal component analysis
Similar to the alignment procedure described above, polygons extracted from a large population of cells after different drug treatments with no EF stimulation were mutually aligned together.
Principal models of shape variation were determined by principal component analysis of the population of polygonal cell outlines, and scaled in terms of the standard deviation of the population for each mode of variation, which was detailed previously (Barnhart et al., 2011 3 | RESULTS
| EF accelerates motility initiation to cathode
We used time-lapse phase contrast microscopy and measurements of cell shapes and spatial-temporal distributions of protrusion/retraction velocity around the dynamic cell edge (edge velocity maps) (see, Figure S1 ) to compare SP and EFP. In agreement with (Barnhart et al., 2015; Yam et al., 2007) Figure S2a ). Such waves, observed at the leading edge of polarized keratocytes moving on highly adhesive surfaces (Barnhart et al., 2011), indicate that the protrusive dynamics are excitable when membrane tension is high (Allard & Mogilner, 2013) .
Materials and Methods and Supplemental
We observed that a physiological-strength EF accelerated polarization by an order of magnitude, from tens of minutes to a few minutes (Figures 1a, 1b , and 1e; Supplemental Figures S2a and S2b; Table S1 ; Video S1). Half of the cells were polarized within 6 min, and after 20 min almost all cells became motile (Figure 1e ; Supplemental Table S1 ). The cells polarized not in a random direction, but to the cathode, and continued to move to the cathode persistently ( Figure 1a ; Supplemental Figure S2 ; Table S1 ; Video S1). Protrusion and retraction were biased to the cathode and anode, respectively, in seconds after the EF was turned on (Figure 1b) . Almost always, there were no protrusion-retraction waves around the edge prior to EFP (Figure 1b ; Supplemental Figure S2b ).
To confirm that cells exhibit a directional response, and not only react to the amplitude of an EF, and to estimate the time to initiate motility, we applied EF periodically, switching its polarity every 2 min.
We observed that the stationary cells do not initiate motility in the alternating EF (Supplemental Video S2). As a rule, local protrusions and retractions appeared at the cathodal and anodal sides, respectively, switching places around the cell in synchrony with the EF, but the characteristic morphology of the motile cell did not have time to
evolve. When, after periodic directionality switching, EF polarity stops changing, the cell initiates steady motility to the cathode (Supplemental Video S2). Thus, while the EF signal is transduced in seconds to tens of seconds, the cytoskeletal machinery needs minutes for global reorganization.
FIGURE 1 Continued.
3.2 | EFP induced by short-term EF application is unstable, but EFP induced by long-term EF application is stable
We noticed that although the EF accelerates the motility initiation, a significant fraction of cells depolarize and stop when the EF is s w i t c h e do f f( F i g u r e s1 da n d1 g ,S u p p l e m e n t a lT a b l eS 2 ) .
Meanwhile, cells that were already polarized and motile before the EF was switched on keep moving to cathode in the EF, and then remain polarized and keep moving in a random direction when the EF is switched off (Supplemental Table S2 ). This suggests that the EF induces polarization into a state different from that evolving in SP. However, as the duration of the time interval when the EF is on increases, the fraction of cells losing polarity decreases (Figure 1g , Supplemental Table S2 , Figure S2d ): more than four out of five cells depolarized when the EF was applied for only 6 min, while only half of the cells depolarized when the EF was applied for 10-15 min, and two-thirds of the cells conti n u e dt om o v ea f t e rt h eE Fw a s switched off after being on for 30 min (Figure 1g ). This suggests that the unstable EF-induced motile state matures into the stable one within tens of minutes providing the EF is on during the maturation.
| Cells polarize from the rear both in SP and EFP
It is known that keratocytes polarize spontaneously from the prospective rear (Barnhart et al., 2015; Yam et al., 2007) , where accelerated centripetal actin flow creates a local cell boundary retraction. We confirmed these observations (Figure 1a ; Supplemental Video S1; Figure S2a ): the initiation of motility could be best identified by development of the flat rear edge from the original round edge retracting to the cell body, while the rounded opposite edge became the leading edge without significant shape change. We then observed that in the EF, the symmetry break started, similarly, by caving in of the prospective rear (Figures 1a and 1c ; Supplemental Figures S3b and S3c; Video S1).
| Cells polarize rapidly and bidirectionally when PI3 is inhibited
PI3 kinase-mediated signaling is required for polarization in a number of cell types (Iglesias & Devreotes, 2008) , but no effect of PI3 K inhibitor LY294002 compound at a concentration of 50 µm on keratocyte polarization was previously detected (Yam et al., 2007) .
We confirmed this result (Supplemental Table S1 ): in the EF, when LY294002 concentration was 50 µm, the cells polarized rapidly to the cathode. However, when LY294002 concentration was increased to 150 µm, the cells polarized rapidly, but half of the cells − to cathode, and half − to anode (Supplemental Table S1 ). This is in agreement with the observation in (Sun et al., 2013 ) that, when PI3 K is inhibited in already motile cells, some start migrating to cathode, others-to anode, with a slight majority crawling to anode. This effect was interpreted in (Sun et al., 2013) as a tug-of-war between two signaling pathways, one of which, PI3K-independent is normally weaker and tries to orient the cell to anode, and another, strong and PI3K-dependent, orienting the cell to cathode. Our results here indicate that the same two pathways likely to operate not only in orienting polarized cells, but also during the emergence of the cell polarity and motility initiation.
| EF can induce polarization without myosin contractility
Myosin-driven contractility in keratocytes, on the other hand, is crucial for SP in general and initial retraction of the prospective cell rear in particular (Barnhart et al., 2015; Yam et al., 2007) . We confirmed that myosin inhibition by Blebbistatin largely stops SP (Figure 2d) . A natural hypothesis would be that the EF simply orients the protrusioncontraction axis of the cell and that inhibition of myosin impairs the polarization in the EF, too.
Surprisingly, we found that Blebbistatin-treated cells polarized rapidly, within 10-15 min, to the cathode (Figures 2a and 2d ; Supplemental Figure S3 ; Table S1 ; Video S3). The polarization initiated at the prospective rear at the anodal side (Figure 1b (g) Polarization rates induced by an EF of 4 V/cm (red arrow at the top) applied for 6, 9, 15, and 30 min respectively, and depolarization rates at 15 minutes after EF was switched off (blue arrow at the top). Polarization and depolarization were quantified from measuring the aspect ratios of n = 29, 45, 21, and 29 keratocytes for each time point, respectively. (See, EF-independent polarization rates in Supplementary Table S2 ) | 2383 Figure S3 ; Table S1 ; Video S3). The motility pattern consisted of periodic cycles of protrusion-retraction waves propagating at the sides of the cell This suggests that the EF bypasses the requirement of myosin for polarization, but unlike motility with functional myosin and without the EF, the EF-induced myosin-inhibited motility is more erratic: cell shape oscillates, aspect ratio fluctuates periodically, and trajectory meanders (Figures 2a and 2c , Supplemental Figure S3a , Video S3).
We observed that the cell area is increased when myosin is inhibited (Figure 2e ), which likely indicates an elevated membrane tension (Lieber, Yehudai-Resheff, Barnhart, Theriot, & Keren, 2013) . Thus, we hypothesize that the focusing of the protrusion to the front and resulting higher membrane tension could assist the polarization. To test this hypothesis, we used CK-666 to partially inhibit Arp2/3, and therefore protrusion, in the presence of the EF. We found that only 50% of the Arp2/3-inhibited cells were polarized, compared to almost all control cells being polarized in the EF by that time (Supplemental Table S1 ).
| DISCUSSION
Fish keratocyte cells can break symmetry and initiate motility spontaneously in tens of minutes. One of the most visible effects of EFs on these fast-moving cells is that an EF accelerates polarization by an order of magnitude: the EF signal is transduced to the cytoskeleton in seconds, and the cytoskeletal machinery needs only minutes for global reorganization into the motile state. EFP starts from the prospective rear, similar to SP. We found that the nature of polarization in an EF is different from spontaneous motility initiation: the latter is usually unconditionally stable, and the polarized cell moves in a random direction for hours. If the EF is turned on while the cell is already moving, the cell goes to the cathode, and when EF is off, the cell keeps moving randomly. In contrast, after EFP the cell moves to the cathode, but only as long as the EF is on; when the EF is turned off, the majority of cells depolarize and stops if the EF was applied for less than about 20 min. However, if the EF is applied for a longer time the fraction of cells that continue to move after the EF is off grows, and the majority of EF-induced motile cells exhibit stable movement without the EF if the EF is kept on for 30 min.
The critical limiting step of SP in keratocytes is switching of adhesions from the strong "stick" state to the weak "slip" state at the prospective cell rear, which takes tens of minutes (Barnhart et al., 2015; Yam et al., 2007) .
We hypothesize that EF rapidly focuses protrusion to the cathodal side of the cell, generates the membrane tension and induces motility bypassing the adhesion switch into the slip mode at the rear. If the EF is switched off before the adhesion stick-slip switch takes place, the cell stops after the EF is off. However, if the EF is on for at least about 20 min, the adhesion stick-slip switch occurs, and the cell becomes unconditionally motile.
Future studies will be needed to test this hypothesis. A physiological implication of our findings is that the EF tightly controls the short-term motility and directionality of cells in wounds and developmental processes allowing them to polarize and move only when the EF is on. A similar argument was made in (Cohen, James Nelson, & Maharbiz, 2014 What could be the mechanism of the EF-induced myosin-inhibited motility initiation? High membrane tension could overcome adhesions and actin network resistance at the rear in the presence of the persistent protrusion at the front, as suggested by (Ofer et al., 2011) . We hypothesize that the EF focuses actin protrusion to the cathodal side, generating membrane tension sufficient to crush the actin network at the opposite, anodal side, creating initial local edge retraction.
Use of CK-666 to partially inhibit Arp2/3 in the presence of the EF supports this hypothesis. The percentage of the Arp2/3-inhibited cell polarizing in the presence of EF is still higher than that of the control cells in the EF, so it is possible that the EF, in addition to having an effect on the protrusion at the front, exerts an effect at the anodal side of the cell by relaxing the cell-substrate adhesion there. Interestingly, half of the Arp2/3-inhibited cells polarized to cathode, and half-to anode. Comparison with similar result from PI3 K inhibition indicates that cytoskeletal and signaling pathways are intertwined in a complex, yet to be elucidated, way in galvanotaxis.
The myosin-inhibited cells polarize rapidly in EF, so the reason they do not lose polarity when the EF is turned off early on is not because they have enough time to stabilize the global cytoskeleton reorganization during the onset of migration. We hypothesize that when myosin is inhibited, there are no strong, mature adhesions at the cell periphery induced by myosin-generated pulling. Therefore, when the EF is switched off soon after the motility initiation in the myosin-inhibited cells, there are no strong adhesions at the rear to stop the retraction at the anodal side.
The protrusion at the front is not stalled and keeps utilizing the membrane tension to retract the rear in the absence of the rear adhesion.
There are strong similarities between chemotactic and galvanotactic pathways. In fact, while some signaling pathways are specific for galvanotaxis, others are shared with chemotaxis (Gao et al., 2015) , and so it is no wonder then that there are similarities between polarization in EF and in a chemical gradient. For example, a strong chemotactic stimulus can also directly elicit de novo production of a pseudopod (Swanson & Taylor, 1982) . In chemotaxis, due to adaptation, some types of cells that are polarized in a gradient stop when the stimulus is removed (reviewed in [Jilkine & Edelstein-Keshet, 2011] ). Future studies will be required to identify crucial molecular transducers and crosstalks between signaling and cytoskeletal mechanical pathways in galvanotaxis. 
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